into 3 groups, namely: thermophiles, mesophiles, and psychrophiles (sometimes called cryophiles or rhigophiles). Thermophiles have temperature optima (generally quite close to temperature maxima) 10 to 25 degrees above the temperature optima of mesophiles. Thermophiles and mesophiles are easily distinguished on this basis.
Possibly by analogy to the distinction between thermophiles and mesophiles, most textbook definitions of psychrophiles are also based on temperature optima or maxima. Psychrophiles are usually defined as organisms that "grow best" below a certain temperature, usually 20 C (Lamanna and Mallette, 1953) or 12 to 18 C (Oginsky and Umbreit, 1954) , and sometimes as low as 5 to 10 C (Kelly and Hite, 1949) . Actually, however, there are very few reports of organisms with temperature optima below 20 C. Only three such organisms are listed in Bergey's Manual (Breed et al., 1948) and these are questionable, since the temperature maxima were 30 to 40 C. One would not expect optimum and maximum temperature to differ so greatly. ZoBell and Conn (1940) state that they have never encountered "true psychrophiles" or organisms which grow best at relatively low temperatures. Hess (1934) reports three organisms with optima below 20 C, but his criterion of optimum growth is maximum total cell yield rather than maximum growth rate. From a study of the literature, one must conclude that there are very few or possibly no bacteria that fit the textbook definitions of psychrophiles.
Irrespective of temperature optima, there is an important and large group of bacteria which grows relatively rapidly at low temperatures, i. e., produces visible colonies in approximately one week at 0 C. Some are capable of growth at temperatures as low as -7.5 C (Bedford, 1933 (Forster) and these bacteria have been referred to in some of the earlier work as psychrophiles (Schmidt-Nielson, 1902 ). Hucker (1954) calls members of this group facultative psychrophiles.
The group obviously differs from mesophiles in the effect of low temperature on growth rate, and an understanding of the group must depend on a detailed knowledge of this temperature effect. The present study was initiated to provide quantitative data of the effect of temperature on growth rate of so-called psychrophilic bacteria, and to compare this with the effect on mesophilic bacteria in order to elucidate the basic differences between these two classes. It was also necessary to study mesophiles, since there is no information of this type available in the literature. The older work of Barber (1908) , and Muller (1903) does not meet modern standards of precision, and the more recent studies of Slaytor (1916) , Monod (1942) , and Johnson and Lewin (1946) have not been extended below room temperature.
MATERIALS AND METHODS
Organisms. The following bacteria were used: Pseudomonas aeruginosa (NRRL B23), Pseudomonas fluorescens (strain P-200 from the WRRL culture collection), Escherichia coli (strain K-12), and two Pseudomonas species isolated from chickens which were allowed to spoil at 3 C. These latter were: (1) Strain 21-3c, a gramnegative rod, motile, monotrichous which liquefies gelatin, and forms slight acid from dextrose, lactose, sucrose, and mannitol but forms no gas. It reduces nitrate and produces slimy orange growth on trypticase soy agar slants. (2) At the lower temperatures where the growth rate was extremely slow, the culture flask was placed in a water-filled crystallizing dish which was covered with dentists' rubber dam. The entire apparatus was placed in a refrigerated incubator and the culture was agitated with a magnetic stirrer. The water-filled crystallizing dish provided sufficient thermal inertia so that opening the incubator had very little effect on the temperature of the culture in the flask.
Growth was followed turbidimetrically with a Spectronic 20 at 660 m,u or with a Klett photometer with a red filter. Care was taken to make measurements in the density range where turbidity is linearly proportional to cell numbers. When it was necessary to read slightly higher densities, appropriate corrections were made from curves prepared from known dilutions of more dense samples.
Media. Trypticase-soy medium was used in all experiments. The trypticase-soy broth used in the quantitative growth experiments came from bottles bearing the same manufacturer's batch number, and was sterilized by filtration.
RESULTS
Several survey experiments were made to obtain information concerning the distribution, frequency of occurrence, and approximate growth rates of bacteria which are capable of growth at low temperatures. This information was considered to be essential to the selection of typical strains of psychrophilic bacteria for the subsequent growth rate studies.
Three sources of bacteria, garden soil from Albany, California, scrapings from the skin of a chicken allowed to spoil at 3 C, and human feces, were examined. The fecal matter was chosen for what might be considered to be a mesophilic enrichment and the spoiled chicken as a psychrophilic enrichment. Soil was examined for comparison purposes. Appropriate dilutions of the three materials were made, spread plated, and incubated at each of the following temperatures: 40, 37, 35.5, 30, 21, 18, 12, 6, 3 , and 1 C. The plates were counted daily for 15 days or until such time as confluent growth precluded further counting. The 10 day counts are summarized in figure 1 .
No bacteria capable of developing at 1 C in 10 days were found in the fecal material and very few were found in the soil. However, many bacteria capable of very slow growth at 1 C were present in the soil. In fact, the count at 1 C after 1 month equalled the 1 day count at 30 C. The psychrophilic enrichment, on the other hand, developed about Y3 maximum count at 1 C in 10 days.
In order to obtain information concerning the temperature range of individual isolates, 5 to 7 colonies that appeared to be different were 1958] way to determine the temperature range over which they could grow. They included 32 strains of Salmonella, 6 of Proteus, 3 of Aerobacter, 3 of Pseudomonas, 2 of Streptococcus, 1 of Paracolobactrum, 2 of Bacillus, 2 of Lactobacillus, 1 of Escherichia, and 1 of Micrococcus. Only two strains, both of Pseudomonas fluorescens (P-200 and P-7) fit the above definition of a psychrophile (show distinct growth in 3 days or less at 1 C). Four of five psychrophilic bacteria received from W. L. Sulzbacher (Eastern Regional Research Laboratory, U. S. Department of Agriculture) also fit this definition of psychrophiles.
G-rowth rate studies. Two Pseudomonas species, strains 21-3c and 1-3b from spoiled chicken and a psychrophilic P. fluorescens strain P-200 were selected for quantitative studies of the effect of temperature on growth rate. E. coli and P. aeruginosa were selected as representative mesophiles.
A complete summary of the generation times determined is shown in table 3. The generation times were determined by making semilogarithmic plots of optical density readings (or Klett readings) against time and calculating the time required for an optical density doubling from the resulting linear plot. To facilitate comparisons, the results for the psychrophilic strain 21-3c and for E. coli are plotted in figure 2. When the data, are presented in this form, the principal difference between the psychrophiles and the mesophile is an 8 to 10 C lowering of the minimum growth temperature. The shape of the curves for the two classes of bacteria appears to be quite similar. However, when an Arrhenius type plot is made, i. e., the natural logarithm of growth rate is plotted against the reciprocal of the absolute temperature, a more striking difference becomes apparent (figure 3). The shape of the two curves in this plot can be seen to differ markedly. The slope of the linear portion of the descending curve differs for the psychrophiles and the mesophile by a factor of 1.6. The slope is the temperature coefficient, and its numerical value in calories is calculated from the formula: rate = Ae-IRT or In rate = -gIRT + C, where A is an entropy constant, R is the gas law constant, and T is the absolute temperature.
The value of the temperature coefficient for the three psychrophilic strains 1-3b, 21-3c, and P. fluorescens P-200 were 8700, 9000, and 9400, respectively, whereas that of the mesophile, E. coli, was 14,000. The basis for the striking differ-
DISCUSSION
The effect of decreasing temperature on bacterial growth rate is often described by the Arrhenius expression: growth rate = Ae-;IIRT The data in the present paper fit this equation rather well over a considerable portion of the temperature range in which growth occurs. The equation proved useful in summarizing the essential difference between the effect of decreasing temperature on a mesophile and on a psychrophile in that the term, Au, (temperature coefficient) was markedly less for the psychrophiles than for the mesophiles.
It is interesting that the term, ,u, seems to be a constant for a particular organism. Monod (1942) and Johnson and Lewin (1946) It is pointed out that most current definitions of psychrophiles do not fit any known bacteria. It is suggested that psychrophiles should not be defined by maximum or optimum temperature but as bacteria that grow relatively rapidly at 0 C.
